Abstract N-Methyl D-aspartate receptors (NMDAR) are central mediators of glutamate actions underlying learning and memory processes including those required for extinction of fear and fear-related behaviors. Consistent with this view, in animal models, antagonists of NMDAR typically impair fear extinction, whereas partial agonists have facilitating effects. Promoting NMDAR function has thus been recognized as a promising strategy towards reduction of fear symptoms in patients suffering from anxiety disorders and post-traumatic disorder (PTSD). Nevertheless, application of these drugs in clinical trials has proved of limited utility. Here we summarize recent advances in our knowledge of NMDAR pharmacology relevant for fear extinction, focusing on molecular, cellular, and circuit aspects of NMDAR function as they relate to fear extinction at the level of behavior and cognition. We also discuss how these advances from animal models might help to understand and overcome the limitations of existing approaches in human anxiety disorders and how novel, more specific, and personalized approaches might help advance future therapeutic strategies.
Introduction
Fear responses to stimuli that reliably signal danger are rapidly acquired, however when danger is no longer present such responses typically subside, a phenomenon known as fear extinction. Behaviorally, fear extinction is very robust and essential for the cessation of ongoing fear responses rooted in past stressful experiences. Failure to extinguish fear is seen as a key contributing factor in anxiety and stress-related disorders, and prolonged exposures to fear-provoking but harmless situations have been an important component of cognitive behavioral therapies for anxiety and stress-related disorders (Abramowitz 2013; Craske et al. 2014; Pittig et al. 2016) . Because existing psychotherapies are not effective in all patients, it has been suggested that superior outcomes might be achieved using cognitive enhancer drugs as adjunct treatment (Singewald et al. 2015; Wenk and Olton 1989) . As key mediators of glutamate actions underlying learning, memory, and their modulation by stress (Graybeal et al. 2012) , N-methyl Daspartate receptors (NMDAR) are seen as promising cognitive enhancers and therapeutics for anxiety symptoms of affective disorders (Collingridge et al. 2013; Kaplan and Moore 2011) . This promise has received ample support from research in animal models and from early human studies, as summarized and discussed in depth in several outstanding reviews (Amaral and Roesler 2008; Davis 2011; Myers and Davis 2007) . However, several rodent reports cautioned that boosting NMDAR function with drugs such as D-cycloserine (DCS) is effective only in rats showing within-session extinction (Bolkan and Lattal 2014; Weber et al. 2007 ) and in fast extinguishers, who have elevated GluN1 but decreased GluN2A and 2B subunit levels in several brain areas (King et al. 2018) . In line with the rodent findings reporting lack of DCS efficacy in slow extinguishers, meta analyses revealed that DCS efficacy in various patient populations was modest if any (McGuire et al. 2017; Ori et al. 2015) . Here we summarize recent advances in the neurobiology and pharmacology of NMDAR, discuss challenges in using NMDAR-targeting drugs as treatment option, and propose future directions that might help to overcome existing limitations.
As Myers and Davis noted in a seminal review on the neurobiology of fear extinction (2011), this term is used with different meanings, which can be confusing. To clarify, we use the term fear extinction to refer to the reduction of fear-related behavior to stimuli that no longer predict danger (e.g., environmental context-shock or cue-shock). We use the term Bextinction paradigm^to refer to the task that induces fear reduction (nonreinforced presentation of stimuli that used to signal danger), and the term Bextinction learning^to refer to the learning processes that mediate reduction of behavioral and (in humans) affective components of fear.
Is there an extinction learning process?
There is a general agreement that fear extinction is based on learning that cues and situations associated with past stressful events no longer predict such outcomes (Bouton 2004; Maren and Quirk 2004; Milad and Quirk 2002; Myers et al. 2011) ; however, the nature of the learning process is not well understood. To date, the most prevalent views have revolved around simple classical conditioning (ranging from the formation of competing excitatory associations, inhibitory learning, and safety learning), which rely on lower limbic implicit memory systems, and processing of negative valence as a function of threat expectancy (Craske et al. 2018; Jovanovic et al. 2012; Weisman and Rodebaugh 2018) . While these types of learning are likely to account for extinction of some fear-related responses and behaviors, a role for more complex, higher order associative learning processes has been proposed for fear extinction of hippocampus-dependent learning (Grillon 2009; Otto et al. 2016 ). An additional process, alternative to associative learning, has so far been overlooked. It is noteworthy that repetition of events across time does not only result in the formation of simple or higher order associations that could lead to fear extinction, but also tends to transform episodic memories into semantic memories (Greenberg and Verfaellie 2010) . Re-living negative experiences is a key feature of episodic memories (Tulving 1985) ; thus, transformation to semantic memory could alleviate some of the key symptoms of stress-related anxiety disorders while leaving the memory of facts intact. Consistent with the ideas on higher cognitive function in fear extinction, episodic and semantic memory systems are predominantly hippocampal/temporal and prefrontal cortical (Wheeler and McMillan 2001) , and are likely to engage different mechanisms in memory processing than implicit, subcortical memory systems. Interestingly, NMDAR antagonism has discrete effects on episodic and semantic memory recollection (Morgan and Curran 2006) , suggesting that better understanding of the role of individual NMDAR subunits in episodic and semantic memory circuits (Squire 1992) or processing modes (Rajah and McIntosh 2005) could facilitate the development of novel therapeutic strategies.
A related issue, which is of particular relevance for translation from animal research to patients, is that most research so far has been performed under conditions when fear extinction is not impaired. We have recently observed that NMDAR antagonists have completely opposite effects on conditioned freezing behavior in mice trained to reliably predict the presence or absence of shock relative to mice exposed to partial reinforcement with random trials (Huh et al. 2009; Leaderbrand et al. 2014) . In the latter case, uncertainty about shock occurrence is accompanied by resistance to fear extinction, which could be more relevant for patient populations. Paradoxically, NMDAR antagonists facilitate fear extinction in this model, probably due to co-activation of various MMDAR subunits, suggesting that in some populations attenuation rather than activation of NMDAR signaling may be beneficial.
Overall, it is likely that a multitude of learning mechanisms occurring at various neuroanatomical levels contribute to behavioral phenomenon of fear extinction. This point is important because we need cognitive enhancers for learning process(es) that are most likely to facilitate fear extinction in a particular individual (e.g., those that malfunction, rather than those that show compensatory activation).
Targeting the relevant NMDAR subunit
NMDA receptors are tetrameric protein complexes composed of a combination of two glycine-binding GluN1 subunits and two glutamate-binding GluN2 subunits (Chen and Wyllie 2006; Dingledine et al. 1999) . Four different GluN2 subunits (GluN2A-D) have been identified with distinct expression and functional profiles (Erreger et al. 2004; Furukawa and Kurokawa 2007) . A third subunit, GluN3, can also assemble with GluN1 subunits; however, GluN1/3 heteromeres do not bind glutamate because they only possess glycine binding sites (Perez-Otano et al. 2016 ). We will therefore focus on the subunits forming Bconventional^glutamate-binding NMDAR.
The NMDAR complex has binding sites for numerous agonists, antagonists, and modulators that differentially affect NMDAR function. The main binding sites for endogenous ligands are as follows: (1) glutamate (and NMDA) binding site on GluN2, (2) glycine modulatory site on GluN1, (3) polyamine modulatory site (both subunits), (4) voltageindependent Zn2+ binding site (high affinity for GluN2A), (5) voltage-dependent Mg2+ binding site (transmembrane pore formed by all subunits), (6) and neurosteroid binding sites (GluN2) (Fig. 1 ). It has long been known that there are also allosteric sites in the transmembrane pore formed by all subunits [binding sites for dissociative antagonists, e.g., MK-801, CPP, ketamine, phencyclidine (PCP)] and allosteric sites in the N-terminal domain of vGluN2 (binding sites for GluN2-specific antagonists, e.g., ifenprodil) ( Fig. 2a ) (Kemp and McKernan 2002) .
Most pharmacological approaches to manipulate NMDAR function, including their role in fear extinction, have so far utilized NMDAR antagonists acting as classical, competitive glutamate antagonists [such as AP5(APV) and CGS-10755] (Dravid et al. 2008) , dissociative antagonists (mainly MK-801), preferential GluN2A antagonists (e.g., NVP-AAM007), and specific GluN2B antagonists (e.g., ifenprodil, Ro-256981). Consistent with the idea that fear extinction requires learning, which in turn depends on NMDAR activity, these NMDAR antagonists impair fear extinction across different rat and mouse models of cued, contextual, and trace fear conditioning paradigms, suggesting that GluN1/2A and 2B contribute to fear extinction (Furini et al. 2014; Myers and Davis 2007; Radulovic and Tronson 2010; Singewald et al. 2015) . In line with the same reasoning, positive modulators of NMDAR, most commonly DCS, have a facilitating effect, resulting in an accelerated fear extinction (Singewald et al. 2015) . This effect of DCS has traditionally been assigned to its partial agonist activity at the glycine binding site of the GluN1 subunit; however, recent work has shown that in addition to acting as a partial agonist at GluN1/2A, 2B, and 2D receptor complexes, DCS also acts as a superagonist at GluN1/2C receptors (Jessen et al. 2017; Sheinin et al. 2001) . Interestingly, CIQ ((3-chlorophenyl)(6,7-dimethoxy-1-((4-methoxyphenoxy)methyl)-3,4-dihydroisoquinolin-2(1H)-yl)methanone), a positive modulator of GluN1/2C and 2D complexes, also enhances fear extinction after injection into the basolateral amygdala (BLA) (Ogden et al. 2014) , further supporting a role of these subunits.
Over a decade our approaches to enhance fear extinction using controlled activation of NMDAR have been hampered by the limited availability of NMDAR subunit-specific positive modulators. However, there has been a recent burst in the development of such compounds, which has not only broadened the repertoire of subunit-specific drugs (Fig. 2b, c) , but also revealed novel mechanisms of NMDAR modulation. These mechanisms range from dependence on endogenous ligand binding to dependence on receptor subunit composition, as recently analyzed in depth (Zhu and Paoletti 2015; Hackos and Hanson 2017; Yao and Zhou 2017) and are depicted here to illustrate this recent progress (Fig. 2) . Thus, an array of compounds displaying specificity for GluN2A-D subunits is now available for research on fear extinction. In addition to GluN2B, allosteric modulators of GluN2A and GluN2C seem promising based on scarce initial findings (Leaderbrand et al. 2014; Ogden et al. 2014 ). These compounds often have mixed agonist/antagonist properties with respect to various subunits and could help to tune NMDAR responses rather than exert simple effects. Research utilizing these new compounds is likely to reveal novel applications of drugs targeting specific NMDAR subunits in different phases of fear extinction as they relate to the underlying learning process, recency of the fear-inducing memories, and other factors.
Disrupting specific NMDAR signaling complexes
An additional layer of complexity of NMDAR function is related to the tissue-, cell-, and synapse-specific coupling of different NMDAR subunits to signaling molecules (protein kinases, phosphatases, cytoskeletal regulators) of the postsynaptic density. These large multifunctional protein complexes are the actual mediators of long-term glutamatergic effects on neuronal plasticity, and are important spatial and temporal determinants of NMDAR activation and function. Many of these pathways play important roles in the conditioning and extinction of fear, as discussed in detail earlier . In general, GluN1/2A and GluN1/2A/2B heteromers are predominantly found in the synapse, whereas GluN1/2B heterodimers are predominantly extrasynaptic (Thomas et al. 2006) . This suggests that the former population primarily responds to signals arriving from presynaptic excitatory neurons, whereas the latter is more responsive to signals released from non-neural cells, such as astrocytes or microglia. The subcellular localization of NMDAR is important because activation of GluN1/2A and GluN1/2B heterodimers can have completely opposite effects on neuronal signal propagation, synaptic plasticity, and learning. For example, synaptic GluN1/2A activate extracellular signal-regulated kinase (ERK) signaling, which is required for both conditioning and extinction of context fear (Fischer et al. 2007; Gao et al. 2010 Gao et al. , 2011 , whereas co-activation of synaptic and extrasynaptic NMDAR shuts off these pathways (Hardingham 2009; Leveille et al. 2008) , and induces resistance to fear extinction (Huh et al. 2009; Leaderbrand et al. 2014) .
Further specialization can be found at the level of the same NMDAR heterodimer forming multiprotein complexes with different signaling pathways (Fig. 3) . Interference with these complexes appears to affect learning and affective processes with higher specificity when compared to administration of receptor agonists or antagonists (Gao et al. 2013; Radulovic and Tronson 2010; Tronson et al. 2011) . For example, disrupting the interaction between GluN2A and IQGAP1 specifically causes memory encoding impairments without affecting anxiety-or depression-like behavior (Gao et al. 2011) . On the other hand, targeting the interaction between GluN2B and receptor for activated C kinase 1 (RACK1), which inhibits NR2B function (Yaka et al. 2002) , enhances fear extinction without affecting depression-like behavior (Corcoran et al. 2015) .
Site-specific disruption of NMDAR interactions with individual signaling proteins, such as RACK1, protein kinase A (PKA), and others, is easily achieved by interference approaches with cell-permeable small peptides (Fig. 3) . These competing peptides contain short sequences of specific recognition sites between GluN subunits and their interacting partners, and their fusion to the transduction domain of the HIV-1 transactivating regulatory protein (Tat) makes them cell permeant, effective in vivo, and highly specific (Faruque et al. 2009; Peitz et al. 2002) . Compared to small molecule drugs, peptides exhibit better efficacy, higher specificity, and lower toxicity. Compared to protein-based pharmaceuticals, peptides are relatively inexpensive and can easily be synthesized to exacting standards of purity and reproducibility between batches (Diaz-Eufracio et al. 2018; Otvos 2008) . Overall, however, peptide-based approaches in mental health are lagging significantly behind the fields of immunology and oncology because they have been hampered by the short bioavailability of peptides and their limited passage through the bloodbrain barrier. With innovative application strategies, in particular the use of nanotechnology, peptide-based drugs could emerge as first choice as contemporary therapeutics as well as probes for molecular imaging. The preclinical success of the tetrapeptide Glyx-13 supports this view (Vasilescu et al. 2017 ).
The challenge of cells and circuits
There is increasing evidence that NMDAR are not only expressed on excitatory neurons but also on interneurons. In fact, all NMDAR subunits appear to be expressed in cortical interneurons (Hadzic et al. 2017) . Depending on the interneuron type, activation of NMDAR can either enhance inhibition (e.g., if acting via parvalbumin-positive interneurons) or induce disinhibition (e.g., if acting via vasoactive intestinal peptide-positive interneurons) of excitatory neurons. It is hypothesized that the anxiolytic and antidepressant effects of ketamine might be due, at least in part, by inhibition of NMDAR expressed in prefrontal cortical interneurons (Zanos and Gould 2018) . Whether a similar mechanism could contribute to fear extinction remains to be shown. In addition to excitatory and inhibitory neurons, NMDAR are expressed on other brain cell types. Particularly interesting is the high expression of GluN2C (Ravikrishnan et al. 2018 ) in astrocytes, a non-neural cell population that notably contributes to learning processes (Suzuki et al. 2011) . Further characterization of the cell-specific actions of different NMDAR allosteric modulators will likely improve our ability to predict their behavioral effects in general and in fear extinction.
GluN2 receptor subunits differ significantly in their anatomical localization within fear and memory circuits (Fig. 4) (Monyer et al. 1994; Ozawa et al. 1998) . Whereas GluN2A are most abundant in the neocortex, hippocampus, and cerebellum, GluN2B show similar hippocampal levels, but considerably higher levels in the amygdala and specific thalamic nuclei ( (Fukaya et al. 2003; Thomas et al. 1996; Watanabe et al. 1993 ). The standard fear extinction circuit involves the BLA, ventromedial prefrontal cortex (vmPFC), and the hippocampus (Maren and Quirk 2004; Sotres-Bayon et al. 2004 ). The lateral septum, bed nucleus of the stria terminalis, also appears to play important roles (Davis et al. 1997; Zoicas et al. 2014) . Thus, targeting GluN2A subunits appears to be a reasonable approach for hippocampal-cortical circuits whereas GluN2B would be expected to show higher efficacy at the level of subcortical nuclei. As for GluN2C and 2D, these subunits have been traditionally viewed as predominantly cerebellar and diencephalic, respectively (Buller et al. 1994; Watanabe et al. 1992) . Therefore antagonists selective for these subunits were not expected to play major roles in fear regulation. However, recent findings suggest otherwise. The circuit mediating contextual fear extinction, a model of episodic-like memories in rodents, has recently been extended to the retrosplenial cortex (RSC) and thalamus (Corcoran et al. 2013; Kwapis et al. 2014; Marchand et al. 2014 ). These brain areas, which are functionally and neuroanatomically associated with the hippocampus, seem to have an unusually high content of GluN2C (Karavanova et al. 2007 ). While expression in the thalamus and hippocampus appears to be predominantly astrocytic, the cellular localization of GluN2C in RSC remains to be clarified because newly developed reporter mouse lines show neuronal (Karavanova et al. 2007 ) and Fig. 3 Interaction of NMDAR with intracellular signaling pathways. In the C-terminal intracytoplasmic tail, interaction with the postsynaptic density protein-95 (PSD-95) through the tSXV amino acid motif is depicted. Although both GluN1 and GluN2 contain this motif, PSD-95 has mainly been detected in association with GluN2 subunits (Bassand et al. 1999 ). Some of the main signaling pathways triggered through this interaction are Receptor of activated protein C kinase 1 (RACK1) (Yaka et al. 2002) , A-kinase anchoring protein 150 (AKAP150) (Jurado et al. 2010 ), microtubule-associated protein 2 (MAP2) (Buddle et al. 2003) , and neuronal nitric oxide synthase (nNOS) (Hillier et al. 1999) . Disrupting specific interactions with interfering peptides can facilitate fear extinction without affecting depression-like behavior (Corcoran et al. 2015) asctrocytic (Ravikrishnan et al. 2018 ) expression, respectively. In either case, GluN2C are likely to play a stronger regulatory role in fear extinction through the thalamichippocampal-RSC circuit (Fig. 4) . Thus, the neuroanatomical source of fear extinction failure could be a key determinant of the efficacy of an NMDAR modulator.
Taken together, the broad distribution of NMDAR subunits across cell types and circuits could be a significant complicating factor in predicting drug actions in fear extinction. Restoring the cellular and circuit disbalance of excitation and inhibition could require NMDAR manipulations adjusted to regional NMDAR changes. Important advances in neuroimaging now enable us to determine the excitation/inhibition ratio as well as to visualize the open channel or glutamate binding sites of NMDAR in the human brain (Carletti et al. 2017; Legon et al. 2016; Tamborini et al. 2016 ). This could significantly facilitate the choice of therapeutics in the future.
NMDAR-mediated synaptic plasticity and network activity relevant for fear extinction
As noted above, NMDAR function is thought to be essential for synaptic plasticity underlying learning and memory (Volianskis et al. 2015) , with tissue-specific and subunitdependent effects (Shipton and Paulsen 2014) . There is evidence that fear extinction is initiated by NMDAR-dependent bursting of vmPFC neurons (Burgos-Robles et al. 2007 ) and maintained by long-term depression (LTD) (Carretero-Guillen et al. 2015; Dalton et al. 2012) . In addition to LTD, recent findings also implicate long-term potentiation (LTP) as a synaptic correlate of fear extinction (Table 1) . Interestingly, GluN2-mediated memory enhancement relevant for fear extinction correlates with enhanced LTP in the 10-100 Hz range while requiring intact LTD capacity at the 1-5 Hz range (Jacobs et al. 2014) . Overall, although subunit-, cell-, region-, and paradigm-specific effects of NMDAR are found, GluN manipulations affecting fear extinction at the behavioral level typically exert profound impact on synaptic plasticity as well.
It is increasingly recognized that efficient learning processes also require coordinated intra-and inter-regional activity in memory processing networks. Typically, studies in rodents show increased theta synchronization between areas of the fear circuit (such as amygdala, mPFC, hippocampus, RSC, anterior thalamus), which decreases during successful extinction. Consistent with this pattern, human studies with patients suffering from PTSD show increased inter-network synchronization, compared with controls, although in the gamma (30-80 Hz) and high-gamma range (80-150 Hz) (Dunkley et al. 2015) . Thus, PTSD patients appear to be hypersynchronous in brain rhythms that are posited to be active in the formation and retrieval of autobiographical memories in humans (Canolty et al. 2006) . Understanding the roles of NMDAR and the actions of NMDAR modulators on network oscillations can therefore be of high relevance for developing effective therapies.
One of the most consistent effects of NMDAR antagonists on network activity is their ability to significantly increase the power of gamma oscillations (Table 2) . Acute administration of MK-801 alters the power, peak frequency, dynamics, and periodicity of hippocampal neuronal oscillations in the alpha and gamma frequency bands (Lemercier et al. 2017) . Strong increase in gamma power is induced by non-selective NMDAR antagonists and by antagonism of GluN2A subunit Fig. 4 Distribution of NMDAR in hippocampal memory circuits involved in fear regulation. a Brain areas involved in fear conditioning and extinction (based on (Kwapis et al. 2015; Laurent and Westbrook 2008; Maren and Quirk 2004; Sevenster et al. 2018 ) highlighting interregional interactions as well as differential connectivity of dorsal and ventral hippocampus to anterior cortices and amygdala. b Distribution of NMDAR subunits in these brain areas. Neuroanatomical and gene expression data are from Brain Explorer, Allen Brain Institute. Overview on GluN2 subunit distribution summarizes previous findings obtained with in situ hybridization analyses (Thomas et al. 1996; Watanabe et al. 1993) . Abbreviations: ACC, anterior cingulate cortex; AT, anterior thalamic nuclei; BLA, basolateral amygdala; DH, dorsal hippocampus; ENT, entorhinal cortex; IL, infralimbic cortex; LS, lateral septum; MS, medial septum; VH, ventral hippocampus; PAG, periaquaeductal gray matter; PL, prelimbic cortex; RSC, retrosplenial cortex. Other areas include the bed nucleus of the stria terminalis, other amygdalar nuclei as well as the orbitofrontal cortex. These regions were excluded from the figure for reasons of clarity containing NMDAR. In contrast, selective blockade of GluN2B, 2C, or 2D subunit-containing receptors had minor effects (Kocsis 2012) . Similarly, entrainment of BLA principal neurons in an oscillatory generation of inhibitory activity depends primarily on activation of GluN2A-NMDAR (Aroniadou-Anderjaska et al. 2018). Mice lacking the NR1 NMDAR subunit only in fast-spiking, parvalbumincontaining interneurons exhibit reduced sensitivity to the effects of NMDAR antagonists (Carlen et al. 2012) , suggesting that the effects of NMDAR antagonists on local oscillations are mediated, at least in part, by inhibitory neurons. In addition to inducing gamma oscillations, MK-801 also abolishes theta synchronization in the hippocampal-RSC-ACC circuit during recall of context-fear memory (Miller et al. 2017) . However, this effect seems to be more relevant for impairments of memory retrieval rather than extinction, because it is only transient while the drug is active and fear recovers afterwards. Whether these effects can be translated to PTSD patients, and how NMDAR agonists and modulators affect network synchronization warrants much more research in this area both in experimental animals and in human patient populations. Nevertheless, this is an important future research direction because analyses of oscillatory activity could be potential indicators of drug actions and successful treatments.
Challenges and future directions
It is obvious that targeting NMDAR complexes has the potential to translate into development of effective therapies for anxiety disorders. This might not always be due to primary NMDAR dysfunction, but also secondary changes of NMDAR expression and function caused by other factors that adversely affect fear extinction, such as various genetic abnormalities (Table 3) . However, there is much more to be researched before we have developed a comprehensive understanding of NMDAR function in physiological and pathophysiological fear regulation.
Abnormal extinction is only one of many processes that could account for fear and anxiety symptomatology. Unfortunately, NMDAR often play opposite roles in some of these processes. For example, feelings of anxiety are believed to result from increased glutamatergic neurotransmission in emotion-processing brain regions (Martin et al. 2010) . Therefore, drugs such as benzodiazepines, which reduce excitation by increasing inhibition, have been used over decades as anxiolytics. It is possible that paradoxical enhancements of fear extinction with NMDAR antagonists and inhibitors of glutamate release, such as riluzole (Sugiyama et al. 2018) , could be due to a similar mechanism. However, as discussed above, enhanced glutamatergic activation is also required for extinction learning, thus post-extinction NMDAR antagonism in most cases impairs fear extinction. Ideally, one would need Wu et al. (2017) to reduce anxiety symptoms while promoting extinction, so this is obviously a challenge. Also, although ketamine and NMDAR open channel antagonists might have strong anxiolytic actions, one needs to be cautious because these dissociative drugs could enhance the recall of state-dependent stressrelated memories (Clifton et al. 2018 ) and thus worsen the symptoms of stress-related disorders. One approach to overcome this challenge could lie in the better characterization of the roles of individual NMDAR signaling complexes because one can achieve much higher functional and behavioral specificity by interfering at this level of NMDAR signaling. One of the important future goals of both animal and human research will be to improve our understanding of the dynamics of NMDAR complexes in vivo. All of the NMDAR features discussed above are activity-and experience-dependent (Kopp et al. 2007; Rebola et al. 2010) and also change in response to psychotropic drugs such as fluoxetine and citalopram (Ampuero et al. 2010; Burghardt et al. 2013) . Therefore, the composition, localization, and function of NMDAR complexes are likely to differ during physiological relative to pathophysiological conditions. Animal studies could advance the field by extending the focus on the role of NMDAR complexes in extinction-resistant models in addition to studying physiological extinction processes (what is most commonly the case). This can be researched in more depth at the behavioral level, with genetic and environmental rodent models, and at the cellular level, by better understanding of the role of NMDAR in the firing of extinction susceptible and extinction-resistant cells [e.g., in the amygdala or periaquaeductal gray matter (Fragale et al. 2016) ]. Human studies, on the other hand, will soon be able to take advantage of novel radiolabeled ligands targeting the open channel or glutamate binding sites of NMDAR (Carletti et al. 2017; Tamborini et al. 2016) . Thereby, the application of NMDAR subunit modulators in patient populations will be much better informed and adjusted to individual needs. Advances in designing subunit-specific ligands could also facilitate research related to the role of episodic to semantic memory transfer in affected individuals.
We also need more research focusing on the potential role of NMDAR in alpha oscillations. It was only recently shown that the dissociative antagonists MK-801, PCP, and ketamine significantly reduce the power of hippocampal alpha oscillations (Kealy et al. 2017) . More research in this area could be highly relevant because associations between aberrant alpha patterns and affective disorders, including PTSD, have been found both in response to specific cognitive and emotional tasks and during a resting state (Eidelman-Rothman et al. 2016) .
Lastly, it seems clear that NMDAR modulators will not always be effective in fear extinction. There is consistent evidence that manipulations of NMDAR become less effective or ineffective with changes of the extinction context (Langton and Richardson 2009) . We therefore need to improve our understanding of NMDAR-independent processes and other neuronal mediators (involving or not involving glutamate) driving the fear extinction circuits.
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